(Submitted for publication August 22, 1958 ; accepted October 23. 1958) Considerable evidence has been accumulated which indicates that a large proportion of the sera from patients with rheumatoid arthritis contains a factor which has the property of agglutinating particulate bodies such as red blood cells or latex particles when they are coated with -y-globulin or antibodies. Some of these reactions have been employed as diagnostic procedures and the factor or group of factors involved has been termed the "rheumatoid factor." A number of observations (1, 2) have demonstrated that the rheumatoid factor is a y-globulin with the solubility properties of a euglobulin. More recently, ultracentrifuge experiments (3, 4) have indicated that the rheumatoid factor is a high molecular weight -y-globulin that exists in serum and plasma in the form of a complex. This complex can be visualized directly by means of the analytical ultracentrifuge in whole serum and in -y-globulin and euglobulin fractions and has a corrected sedimentation rate (s rate) of approximately 22S. Previous studies (4, 5) on the dissociation of the 22S complex by means of acid and urea have demonstrated that it is composed of two major constituents, one a 7S component and'the other 19S. The latter was found to be highly active by the serological reactions for rheumatoid factor. The rheumatoid factor thus appeared to belong to the 19S class of y-globulins which is known to include certain antibodies as well as the Waldenstrom type macroglobulins (6, 7) .
Considerable purification of the rheumatoid factor has been achieved by cellulose ion exchange chromatography (8, 9) , by elution from pneumococcus-antipneumococcus complexes (10) , by elution from sensitized sheep cells (11) , by ultrafiltration with membranes of graded porosity (12) , and by preparative ultracentrifugation (4, 13) , but isolation in sufficient amounts to determine the complete physical and chemical properties of the rheumatoid factor has not been reported. The observations that rheumatoid factor precipitated directly with y-globulin (14) which had been aggregated by the procedures of isolation or heating at 630C. for 10 minutes (3, 13) offered a method of ready concentration from large volumes of serum. Furthermore the direct visualization of rheumatoid factor in the ultracentrifuge offered a means of observing purification particularly from certain unique sera where it represented a substantial portion of the total y-globulin.
In the present study rheumatoid factor has been obtained in a high state 
II. Isolation from specific precipitates
In order to eliminate normal 19S y-globulin from isolated fractions of rheumatoid factor the specific property of this material to precipitate with aggregated y-globulin was utilized for complete purification. The rheumatoid factor was precipitated from whole serum and euglobulin or y-globulin fractions. The precipitates were dissolved in glycine-HCl buffer, layered over a density gradient, and separated in the ultracentrifuge. Figure 4 illustrates the pattern obtained by analyses of fractions taken from the density gradient tube at the end of the experiment. Three main peaks are visible. One, which comes from the pellicle at the bottom of the tube, represents primarily aggregated y-globulin. The second peak which was the active fraction represented 19S rheumatoid factor and the third peak in the upper portion of the tube consisted of material with an s rate between 6 and 12 (usually primarily approximately 7S). The latter was inactive in the various serological reactions and originated primarily from the lower molecular weight portion of the soluble 22S complex from the original serum (4, 5) . Combination of the fractions from the 19S peak (Tubes 4 through 7 in the experiment shown in Figure 4 ) furnished highly purified preparations of rheumatoid factor. Figures 2a and 2c illustrate ultracentrifuge patterns of two of these preparations. The activity per mg. of some of these preparations is shown in Table I . This method made it possible to isolate rheumatoid factor from relatively weakly positive sera. Preparation VII was obtained from Serum M. S. which had only approximately one-tenth the activity of Serum P. R. Recovery of activity was difficult to determine from activity analyses but by indirect calculation from the amount of 22S component observed in the original serum a value close to 80 per cent could be obtained. In some experiments the dissolved precipitates were partially fractionated prior to centrifugation by precipitation of the aggregated y-globulin from the acid solution by raising the ionic strength with NaCl. Urea (4 to 6 M) was also used to dissolve the specific precipitates prior to centrifugation (Preparation VI) and results similar to those with acid were obtained. With both the urea and acid experiments, ultracentrifugation was begun within a few minutes after dissolving the precipitates and the rheumatoid factor then sedimented out of these solutions into the density gradient. As a result it was exposed to urea or acid only for a relatively short time.
III. Isolation by adsorption on solid y-globulin
Previous observations (13) indicated that solid y-globulin prepared by heat precipitation under controlled conditions adsorbed the rheumatoid factor which then could be eluted by means of acid buffers or urea. Analyses of these eluates indicated that they consisted of from 50 to 70 per cent 19S material. Removal of the eluting solvent by dialysis gave highly active saline solutions but relatively poor recovery because of considerable precipitation. Direct ultracentrifugation in the density gradient of concentrated eluates in acid avoided precipitation and resulted in good recovery of 19S rheumatoid factor in highly purified form. One preparation, the activity of which is listed in Table I IV. Physical and chemical properties Figure 5 shows a plot of the s vs. c relationship for several preparations of isolated rheumatoid factor examined in the ultracentrifuge. The extrapolated line obtained by the method of least squares shows after correction for the buffer solvent that S020,w = 194S.
Five samples of isolated rheumatoid factor prepared from acid dissolved precipitates were studied by free solution electrophoresis. All of these preparations were found to be heterogeneous. In two instances a single peak was observed but this was broader than would have been expected for a single component (Figure 6a) . Reversible boundary spreading experiments confirmed this heterogeneity. In three instances a second peak could be seen on the faster side of the main peak. This is illustrated in Figure 6b . Both peaks were broader than expected for single components. Ultracentrifugal analysis of these same preparations demonstrated that the second peak also represented 19S protein and was not due to contaminants. In one experiment the second peak made up 18 per cent of the total protein by electrophoresis but by ultracentrifugal analysis there was less than 5 per cent of proteins other than those in the 19S peak. In addition, strong evidence was obtained that the faster migrating material was rheumatoid factor in that it again precipitated with aggregated y-globulin when this was added to the isolated preparation. In several experiments all detectable protein in the isolated fraction reprecipitated on the addition of aggregated y-globulin. The mobility of the major peak ranged from 1.1 to 1.5 x 10-5 in these experiments. The antisera used in both experiments were the same except that in the left series each antiserum was absorbed with 7S -y-globulin. The rheumatoid factor is in the middle well in both instances. The antisera beginning at the upper left and proceeding clockwise are as follows in both instances: 1) As. 137 against 7S 'y-globulin; 2) As. 145 against normal 19S -y-globulin; 3) As. 154 against rheumatoid factor y-globulin; 4) As. 169 against an isolated Waldenstrom macroglobulin.
V. Immunological studies
Various modifications of the Ouchterlony procedure indicated a close immunological relationship between the isolated rheumatoid factor, normal 19S y-globulin and isolated macroglobulins prepared from cases of Waldenstrom's macroglobulinemia. Figure 8 illustrates one of these experiments. Preparation IV of isolated rheumatoid factor was placed in the center well and reacted with four different antisera, both unabsorbed and after absorption with 7S y-globulin. A single major line which fuses is visible with the unabsorbed antisera. Absorption removed the line with antiserum 137 which contained primarily antibodies to 7S y-globulin. The absorbed antisera reacted with the rheumatoid factor in a single line and little difference in reactivity could be detected between the antisera against normal 19S, rheumatoid factor or macroglobulin. Control experiments with isolated normal 19S y-globulin gave almost identical results with these same antisera.
When experiments were carried out with parallel wells and isolated rheumatoid factor compared directly with normal 19S -y-globulin, single lines were observed with the different antisera and the line for normal 19S protein fused with that for rheumatoid factor without spur formation. In these experiments both the normal 19S line and the rheumatoid factor line showed curvature to-ward the antigen well indicating, as demonstrated by Korngold and Van Leeuwen (18) , that the observed reaction was due to a high molecular weight component. Figure 9 illustrates precipitin curves of these same absorbed antisera with isolated rheumatoid factor as well as with isolated Waldenstrom macroglobulins and normal 7S y-globulin. Figure 9a shows the curves obtained with rheumatoid factor, macroglobulin L and macroglobulin B with antiserum to normal 19S -y-globulin. The rheumatoid factor reacts slightly more strongly. A similar relationship is seen in Figure 9b where antiserum to rheumatoid factor was employed. Figure 9c shows that rheumatoid factor reacts more strongly with antiserum to macroglobulin S than do heterologous macroglobulins B and L. However, homologous macroglobulin L reacts most strongly with antimacroglobulin L (Figure 9d ). It appeared clear that rheumatoid factor reacted strongly per unit of nitrogen as compared with isolated Waldenstrom macroglobulins against macroglobulin antisera absorbed with 7S -y-globulin. In the course of these experiments, three different antisera to rheumatoid factor -y-globulin were studied. None of these showed any reaction with rheumatoid factor following absorption with normal y-globulin rich in 19S components.
DISCUSSION
The use of sera containing very high titers in the serological tests and uniquely large amounts of rheumatoid factor as demonstrated directly in the ultracentrifuge made it comparatively easy to isolate this factor in a highly purified state. Serum P. R. which was used extensively in this study contained approximately 10 mg. per ml. of rheumatoid factor complex and the y-globulin fraction consisted of approximately 40 per cent of this material. The high concentration of rheumatoid factor in this serum made isolation possible directly from euglobulin and -y-globulin fractions with only slight contamination with normal 19S class proteins. With other sera this contamination proved substantial and the specific property of precipitation with aggregated y-globulin had to be utilized for satisfactory purification. The methods used for isolation all utilized preparative ultracentrifugation for final purification and since the high molecular weight property was somewhat unique the isolated fractions consisted of close to 100 per cent rheumatoid factor. This was indicated both by the homogeneity of the analytical ultracentrifuge patterns and by the reactivity and utilization of all of the protein in the precipitin tests with aggregated y-globulin. Despite this evidence of biological homogeneity, free solution electrophoresis experiments indicated considerable heterogeneity and it was clear that a group of different proteins was involved. The heterogeneity was similar to that described for y-globulin itself (19) . This was to be expected since activity curves on whole serum separated by zone electrophoresis indicated that the activity peak was too 431 broad to represent a single protein species. In addition, it is known that in serological tests employing human y-globulin the latter reacts with more rheumatoid factor protein than does rabbit y-globulin in tests where it is the reactive substance (20, 21) . The picture resembles that known for the usual mixtures of species specific and cross-reacting antibodies. Recently, Lospalluto, Lewis and Ziff have succeeded in separating at least two of these factors by ion exchange chromatography (8) .
In the present study, absorption experiments were also carried out with antigen-antibody complexes by the method of Vaughan (20) and with finely dispersed solid rabbit y-globulin. Only part of the isolated rheumatoid factor was absorbed leaving material that reacted strongly with human y-globulin. In addition, one macroglobulin preparation was isolated from a sarcoid serum that showed no activity in the sensitized sheep cell test but high titers by the tests employing human y-globulin. The accumulated evidence points to the existence of multiple, closely related macroglobulins which have the common property of reacting with human y-globulin.
Suggestive evidence that the rheumatoid factor contains considerable carbohydrate was obtained by a number of workers prior to its isolation (20, 22, 23 (24) . Difficulties in the complete isolation of adequate amounts of normal 19S proteins hampered final resolution of this question. In addition, the secondary reaction of rheumatoid factor with soluble and insoluble antigen-antibody complexes (13, 20) obscured certain -of the quantitative interpretations particularly in regions of antigen excess for rheumatoid factor.
Considerable evidence has accumulated indicating that the 19S class of y-globulins in normal and certain pathological sera are made up of a group of different antibodies. Certain of the isoagglutinins, the saline agglutinating rh antibodies, certain of the Wasserman antibodies, heterophile antibodies, cold agglutinins, certain of the typhoid agglutinins and many other antibodies have been localized in this fraction (6, 7, 25, 26) . The Waldenstrom macroglobulins appear to be exceptions and seem to bear a relationship to the 19S class of y-globulins similar to that of the myeloma proteins to the major 7S class of y-globulins. Since the rheumatoid factor, on the basis of the ultracentrifugal data, the carbohydrate content, the ready dissociation with mercaptoethanol and the immunological results, is closely related to the 19S class of y-globulins, the possibility is raised that it represents an antibody. Final proof of such a hypothesis must await clear elucidation of the antigen involved. Certain evidence suggests that ordinary y-globulin of the 7S variety is itself the antigen. No other protein has yet been found that will react with the rheumatoid factor in a similar fashion. This reaction is observed in the soluble complex in rheumatoid arthritis sera, in the precipitin reaction with aggregated y-globulin, in the specific adsorption on solid y-globulin, and in the agglutination of red cells coated with incomplete antibodies. In the latter reaction the rheumatoid factor acts in a manner analogous to Coombs sera or rabbit antibody to y-globulin and sera containing rheumatoid factor actually have been utilized for this purpose (27) . SUM 
MARY
Highly active purified preparations of rheumatoid factor were obtained from selected sera showing high titers in the latex fixation and sensitized sheep cell agglutination reaction. Procedures of density gradient ultracentrifugation were utilized for isolation from euglobulin fractions, from dissolved specific precipitates produced by the addition of aggregated -y-globulin to rheumatoid serum and from eluates of solid y-globulin to which rheumatoid factor had been adsorbed.
The isolated preparations were homogeneous in the analytical ultracentrifuge and showed a corrected sedimentation rate of approximately 19S. Dissociation into smaller subunits was produced readily with mercaptoethanol with simultaneous loss of activity. Free solution electrophoresis showed the preparations to be primarily y-globulin with evidence of heterogeneity. The accumulated evidence indicated that the rheumatoid factor consists of multiple, closely related macroglobulins.
Carbohydrate analyses showed a total content of approximately 10 per cent consisting of hexose and hexosamine sugars and sialic acid. The results were very similar to those previously obtained for normal 19S y-globulin. Immunological studies also indicated a close relationship to this normal fraction.
The question of whether the rheumatoid factor represents an antibody is discussed. The close relationship to the broad 19S class of -y-globulins which are known to contain a variety of antibodies is an additional point in favor of this hypothesis although it remains to be proven.
